Abstract Humans perceive their body posture, size, and position in space even when they do not look at their body. The ability to perceive the body correctly is essential to move accurately in space. The purpose of this review is to introduce the reader to the latest views on the role of peripheral afferent signals in the generation and alteration of perception of the body. First, the contribution of proprioceptive and cutaneous signals to perception of the body is introduced. Common methods to investigate these signals are muscle vibration, skin stretch, or electrical stimulation. These methods provide evidence that the perception of the body is flexible. Second, effects of multisensory integration on perception of the body are described. The combination of visual, tactile, proprioceptive, and auditory signals alter the perception of the body, suggesting that multiple sensory signals contribute to perception of the body. Third, the distortion of perception of the body after the loss of sensory signals is reviewed. Anesthesia or amputation of limbs, as well as experimentally-induced disintegration of sensory signals drastically alter the perception of the body. Fourth, neural mechanisms underlying the generation, or alteration, of perception of the body is described. The premotor and parietal cortices play a key role in perception of the body, as they are involved in multisensory integration. In the final section of the review, implications of the ways sensory information shapes perception of our body are discussed for athletic performance.
Introduction
Although athletes usually move their body without visually controlling their movements, they have an accurate sense of their posture and the position of different body parts at any time of the movement. To achieve this accurate perception of the body, the brain requires sensory signals that carry information on the angles of the joints and the length of the limb segments. These signals are provided by receptors in muscles, joints, the skin, and the vestibular system 1) . Humans often have a distorted perception of their posture, position, body size, or body shape [2] [3] [4] . Divergence between the perceived and the actual body is a possible reason for worse performance in athletes. The ability to perceive body posture, position, and size correctly is essential to moving accurately in space.
This review focuses on sensory signals contributing to the generation and alteration of perception of the body. First, changes in perception of the body induced by proprioceptive and cutaneous signals is introduced. Second, the contribution of multisensory integration to perception of the body is described. Third, the effects of sensory loss on the perception of the body is reviewed. Fourth, neural mechanisms underlying the generation and alteration of perception of the body is described. Finally, implications of the ways sensory information shapes perception of the body are discussed for improving athletic performance.
The role of single sensory signals
Proprioceptive signals. The influence of peripheral afferent signals from muscles on perception of the body is investigated by directly changing proprioceptive signals, using muscle vibration. When the tendon of a limb is vibrated at 80 Hz [5] [6] [7] , the illusion of movement is created, even though the limb is not actually moving [8] [9] [10] [11] . The illusion is elicited, because the vibration of the tendon activates the muscle spindles in a similar manner, as when the muscle is actually stretched 6, 7, 12) . If the vibration is applied at the tendon of the biceps and triceps, the illusion of an elbow extension or flexion is elicited, respectively 9, 10) . These findings suggest that it is possible to generate an artificial proprioceptive signal using muscle vibration, and that proprioceptive signals from muscle spindles play a key role in perception of the body. Naito et al. (2002) 13) demonstrated that subjects perceive illusory passive flexion of the wrist, when vibration is applied to the tendon of the wrist extensor muscle. If the palm of the vibrated hand touches the palm of the other hand, subjects perceive that both hands are flexed. Intriguingly, when the hand touches the surface of a ball, Correspondence: sakamoto@educ.kumamoto-u.ac.jp vibrating the tendon of the wrist extensor elicits the illusion of wrist flexing, with the touched ball moving along with the hand 14) . These findings indicate that proprioceptive signals from muscle spindles modify the perception of posture, and that the modified perception of the body interacts with non-stimulated body parts or objects.
Proprioceptive signals from muscle spindles also elicit the perception of improbable distortions of body shape and size. Vibrating the tendon of the biceps and triceps brachii simultaneously induces perceived shrinkage of the forearm 15) . When the tip of the left index finger is held with the right index finger and thumb, vibration of the tendon of the right biceps or triceps elicits the illusion of right elbow extension or flexion, as well as the experience of elongation and shrinkage of the left index finger 16) . When the palms of both hands touch the lateral sides of the waist and hips, vibrating the right and left wrist extensor tendon elicits the illusion of wrist flexion, as well as shrinking of the waist and hips 17) . When the hand is grasping the nose and the biceps tendon is vibrated, subjects experience the "Pinocchio illusion": subjects have the illusion that the hand is moving away from the face and the nose is becoming elongated 18) . In contrast, vibration of the triceps tendon elicits the illusion that the hand is moving towards the face and the nose is becoming shorter. Craske (1977) 8) showed illusory wrist movement beyond joint motion: when the wrist flexor is vibrated, an illusion of wrist extension is elicited. When the wrist is passively extended to a position close to its anatomical limit, the sensation is created that the wrist is bent to a position beyond its maximum operating range.
Cutaneous signals.
Signals from cutaneous receptors contribute to the perception of joint positions. When a skin stretch is applied to the dorsal side of the interphalangeal joints of the index finger, an illusion of index finger flexion is created 19) . Stretch-induced illusory motion is also obtained at the elbow and knee 20) . However, illusions of joint position changes induced by skin stretch seem to be less potent than the ones induced by muscle vibration 19, 20) . Cutaneous signals also modulate perceived body size. Electrical cutaneous stimulation of the digital nerves elicits an increase in the perceived size of the stimulated part 21) .
Multisensory integration
Visual and tactile signals. Perception of body position is easily altered when visual and tactile signals are integrated in the brain. One of the most popular experimental paradigms for investigating this phenomenon is the "rubber hand illusion" (RHI) 22) . In this paradigm, subjects experience a fake rubber hand as their own, when watching this fake hand being stroked by a paintbrush in synchrony and in the same direction as their own, concealed hand. In addition, perceived position of the real hand drifts toward the rubber hand [22] [23] [24] [25] . The phenomenon of the RHI indicates that when visual and tactile signals are in conflict, the visual sense overrides the tactile sense, and the brain can incorporate a non-corporal object into the body.
Both the illusions of incorporation and drift of perceived position are reduced or abolished when the rubber hand is stroked asynchronously 24, 26, 27) , or in a different direction than the real hand 23) . When a non-body part object is used (e.g. a wood stick or block), or when the rubber hand posture is incongruent with the posture of the real hand, the RHI does not occur 24, 28) . The strength of the RHI depends on the spatial distance between the rubber hand and the real hand 29) . These findings suggest that temporal and spatial synchronicity between the visual information of the fake hand and the somatosensory information of touch are crucial for the transfer of perceived body position.
Integration of visual and tactile signals also alters the perceived position of the whole body. Lenggenhager et al. (2007) 30) provided evidence for this, using a modified RHI paradigm. In their experiment, subjects wore a headmounted display, connected to a video camera placed behind their back. The camera recorded the subjects' back being stroked by an experimenter, and this video was projected to the head-mounted display. When subjects watched the video of their body in front of themselves, while their back was stroked synchronously, they felt as if the virtual body was their own. In addition, perceived position of their whole body drifted toward the front, compared to their actual position. Furthermore, this paradigm can swap one's own perception of the body for another person's perception of the body when facing another person 31) . These findings indicate that the perception of our bodily border is not fixed.
Face perception is modulated by the integration of visual and tactile signals. In studies by Tsakiris (2008) 32) and Tajadura-Jimenez et al. (2012) 33) , subjects' faces were stroked while they were looking at a morphing face being touched in synchrony. After this visuo-tactile conflict, subjects felt as if the morphing face was their own. This effect is also observed in newborns 34) , suggesting that the ability to integrate multisensory signals is already present at birth.
Visual and proprioceptive signals.
A recent study showed that the combination of visual and proprioceptive signals from muscle receptors alter perceived body position 35) . In this experiment, subjects placed one of their hands under a table. An artificial plastic hand was placed on the table. The subjects' invisible index finger and the artificial visible index finger were coupled by rotating the shaft so that these fingers moved together. The finger's cutaneous and joint afferents were blocked by local anesthesia of the digital nerves. Then the experimenter moved the artificial plastic finger and subject's finger simultaneously. Subjects felt as if the plastic finger was their own. The illusion was associated with a drift of the perceived finger position toward the location of the plastic finger. A similar finding was reported by Kalckert and Ehrsson (2012) 36) . Ekroll et al. (2016) 37) reported another visuoproprioceptive illusion. When a semi-spherical shell was put on top of a subject's finger and subjects viewed it directly from above, subjects experienced their finger to be shortened. The perceived fingertip position deviated from the actual position. While signals from skin receptors contribute to building perception of the body as detailed earlier in this review, the latter studies suggest that they are not essential. 38) demonstrated that the RHI can be elicited in blindfolded subjects. The experimenter moved the blindfolded subject's left index finger so that it touched the fake right hand that was placed beside the participant's real right hand. Simultaneously, the experimenter touched the subject's real right hand while synchronously touching the fake hand. This manipulation elicited the illusion that subjects were touching their own hand. Furthermore, the perceived hand position drifted toward the fake hand. 39) showed that the perception of body length was affected by the sound of one's actions. Blindfolded subjects repeatedly tapped on the floor with their hand. In synchrony, auditory stimuli of tapping sounds were delivered from a loudspeaker which was located at double the distance at which subjects actually tapped. After this audio-tactile conflict, the perceived tactile distance of the arm increased. However, subjects did not report a conscious feeling of their arm being extended. When auditory stimuli were delivered with delays, there were no changes in perceived tactile distance of the arm. These findings imply that synchrony of auditory and tactile signals from an action is critical for the unconscious perception of arm length.
Auditory and tactile signals. Tajadura-Jiménez et al. (2012)
Loss of sensory signals. The loss of sensory signals alters perceived body size. Gandevia and Phegan (1999) 21) demonstrated that complete anesthesia of the thumb increases its perceived size by 60-70%. Another study showed that anesthesia of the brachial plexus elicits illusory swelling of arm size 40) . Changes in perceived body size with local anesthesia are likely to be more pronounced on body width than body length 41) . The reason for changes in perceived body size following anesthesia is not clear. An explanation put forward by Walsh et al. (2015) 41) is that the brain assumes the occurrence of an injury after sensory signal loss. The increase in perceived body size could therefore be a mechanism to prevent injury, adding a safety margin to keep the body further away from the possible source of injury.
Local anesthesia also produces distortion of perceived body posture. When afferent signals of a concealed upper limb are blocked by applying ischemic compression, the perceived posture of the wrist and fingers is changed 42, 43) . The final perceived posture depends on the initial one: when the joints of the wrist and fingers are initially flexed, the joints appear to become extended; when the joints are initially extended, the joints appear to become flexed.
Individuals with an amputation usually experience the sensation of a phantom limb: a vivid perception that the amputated limb is still present in the body, performing its normal functions 44) . The majority of the sensations are painful 45, 46) . Ramachandran and Hirstein (1998) 44) hypothesized that phantom limb sensations in humans are due to reorganization in the somatosensory cortex. Supporting this hypothesis are findings that stroking different parts of the face produces perceptions of being touched on different parts of the missing limb 47) . Newport and Gilpin (2011) 48) showed that experimentally induced disintegration of sensory signals produces loss of awareness for the real limb. In this study, subjects put their hands inside an experimental apparatus that displayed live video images of their hands in the same physical location as their real hands. The live images of the left and right hand simultaneously moved toward the midline. To maintain the proprioceptive sensation that their hands were stationary, subjects unconsciously moved their hands outward. In the following, the image of the right hand disappeared. Subjects tried to reach the perceived location of their right hand with their left hand, but the right hand was not there. Subjects reported that they had no right hand and that they did not know where it was. The disintegration caused by the removed visual information, absence of the tactile signal, and the realigned proprioception, could be the explanation for the sensation that the hand disappeared.
Contribution of the premotor and parietal cortices to body perception
The premotor and the parietal cortices are likely candidates to be involved in changes in body perception, as they contribute to multisensory integration. The ventral premotor cortex receives visual, tactile, and proprioceptive input 49, 50) . The posterior parietal cortex is connected to visual, somatosensory, and premotor areas [51] [52] [53] , and neurons in this region integrate visual, tactile, and proprioceptive information [54] [55] [56] [57] . In addition, some neurons in these areas are bimodal, meaning that they have receptive fields for both visual and tactile stimuli [56] [57] [58] [59] [60] . Activation in these areas has been implicated in the generation and alteration of body perception.
Bilateral neural activity in the ventral premotor cortex and the posterior parietal cortex was associated with the 292 JPFSM : Sakamoto M feeling of ownership of the artificial hand during the RHI 27, 38, 61) . In addition, the strength of the illusion was correlated with the magnitude of ventral premotor activity 27) . Disrupting activity in the right temporoparietal junction (rTPJ) 62) or inferior parietal lobule 63) by transcranial magnetic stimulation attenuated the strength of drift of the perceived hand position during the RHI.
Neurological patients with parietal cortex lesions often have a distortion of perception of their body. Lesions in the rTPJ can result in neurological disorders such as: asomatognosia, a condition in which patients deny ownership of a limb 64) ; hemispatial neglect of the left side of the body 65, 66) ; anosognosia for hemiplegia, a condition in which patients deny their paralysis 67) ; and somatoparaphenia, a condition in which patients misattribute their own hand or foot as belonging to another person 68) . Blanke et al. (2004) 69) reported that patients with a TPJ lesion experience the sensation of seeing their body from an external perspective, the so-called out-of-body experience (OBE), or a sensation of seeing their body in extrapersonal space from the habitual physical visuo-spatial perspective (autoscopy). Furthermore, direct electrical stimulation (DES) in a neurosurgical patient of the right angular gyrus, an anterolateral parietal region, elicited an OBE 70) .
Concluding remarks: implications for athletic performance
In the present review, the authors describe findings which show that proprioceptive and cutaneous signals, multisensory integration, and the loss of sensory signals affect perceived body posture, position, and size. These findings suggest that many sensory signals contribute to perception of the body.
Athletes often have the experience that their perceived body posture, position, or size are not consistent with the actual. Findings cited in the present review might be useful to help athletes correct an undesired perception of the body toward a desired one. For example, coaches could provide multiple sensory signals simultaneously to help athletes alter their perception of the body. In addition, the finding that loss of sensory signals distorts perception of the body holds important information for athletes. For example, when athletes are immobilized due to injury or a plaster cast for a certain period, the risk exists that a change in perception of the body is induced by the loss of sensory signals.
Perception of the body involves both conscious and unconscious processes. Psychological and neurological studies classically distinguish two internal representations of the body, the body schema and the body image: the former is an unconscious model of body configuration and the latter is a conscious idea of one's own body 71, 72) . In the present review, however, alterations of perception of the body without any distinction between conscious and unconscious representation of the body are described. To improve athletes' performance adequately, the relationship between conscious and unconscious mechanisms, which underlies the generation and alteration of perception of the body, should be regarded more closely.
This review concentrates on the effects of sensory signals on perception of the body. However, perception of the body might be affected not only by afferent signals, but also by efferent signals in the form of central motor commands [73] [74] [75] . Accurate perception of the body may be achieved by combining efferent motor command signals and afferent sensory signals.
